Limb-girdle muscular dystrophy type 2H (LGMD2H) and sarcotubular myopathy are hereditary skeletal muscle disorders caused by mutations in TRIM32. We previously identified TRIM32 as an E3 ubiquitin ligase that binds to myosin and ubiquitinates actin. To date four TRIM32 mutations have been linked to LGMD2H, all of which occur in the C-terminal NHL domains. Unexpectedly, a fifth mutation in the B-box of TRIM32 causes a completely different, multisystemic disorder, Bardet -Biedl syndrome type 11. It is not understood how allelic mutations in TRIM32 can create such diverse phenotypic outcomes. To generate a tool for elucidating the complex in vivo functions of TRIM32, we created the first murine Trim32 knock-out model (T32KO). Histological analysis of T32KO skeletal muscles revealed mild myopathic changes. Electron microscopy showed areas with Z-line streaming and a dilated sarcotubular system with vacuoles-the latter being a prominent feature of sarcotubular myopathy. Therefore, our model replicates phenotypes of LGMD2H and sarcotubular myopathy. The level of Trim32 expression in normal mouse brain exceeds that observed in skeletal muscle by more than 100 times, as we demonstrated by real-time PCR. Intriguingly, analysis of T32KO neural tissue revealed a decreased concentration of neurofilaments and a reduction in myelinated motoraxon diameters. The axonal changes suggest a shift toward a slower motor unit type. Not surprisingly, T32KO soleus muscle expressed an elevated type I slow myosin isotype with a concomitant reduction in the type II fast myosin. These data suggest that muscular dystrophy due to TRIM32 mutations involves both neurogenic and myogenic characteristics.
INTRODUCTION
TRIM32 protein belongs to the tripartite motif (TRIM) family (1) that is currently comprised of approximately 77 members (as outlined in HUGO Gene Nomenclature Committee database, http://www.genenames.org/genefamily/trim.php). This family is defined by the presence of three linked motifs including a RING finger, a B-box and a coiled-coil domain. The domain structure of TRIM32 is shown in Supplementary Material, Figure S2C . Murine Trim32 (GenBank accession number NM_053084) and human Trim32 (GenBank accession number NM_012210) are highly homologous with 87% nucleotide and 95% amino acid identity. The similarity is even higher in conserved domains (100% identity for RING domain and 97% for NHL and B-box domains). TRIM32 has been shown to possess E3 ubiquitin ligase activity, attributable to its RING finger (2 -4) . E3 ubiquitin ligases are proteins that carry out post-translational modification of targets by participating in a cascade of ubiquitin-modifying reactions, which result in conjugation of a ubiquitin moiety onto a target substrate (5) . Hundreds of E3 ligases have been identified, many of which have disease associations (6) . Furthermore, muscle-specific ligases have been shown to participate in muscle atrophy (7) .
Since its identification in 1995 (8) , a pleiotropic role for TRIM32 (MIM 602290) has emerged. This protein has been implicated in diverse pathologic processes such as muscular dystrophy (9) (10) (11) , cancer (3, 4) and Bardet-Biedl syndrome (12) [BBS (MIM 209900)]-a multisystemic, oligogenic disorder. Moreover, TRIM32 is up-regulated in the occipital lobe of patients with Alzheimer's disease (13) . At the present time, it is unclear how mutations in one protein can result in such dissimilar phenotypes as muscular dystrophy and BBS.
Mutations in Trim32 result in two distinct hereditary disorders. The first disease identified to be associated with TRIM32 mutations was limb-girdle muscular dystrophy type 2H [LGMD2H (MIM 254110)], which is a mild autosomal recessive muscular dystrophy with a variable clinical presentation. This rare skeletal muscle disorder was first described in the Manitoba Hutterites, a genetically isolated population in Canada. Affected individuals were found to carry a homozygous mutation (D487N) in one of the C-terminal NHL domains of TRIM32 [NHL repeats are conserved domains defined by amino acid sequence homologies among Ncl-1, HT2A and Lin-41 proteins (InterPro database)] (9). It was subsequently demonstrated that the identical mutation causes another muscular disease-sarcotubular myopathy (10), which was described in both Hutterite (14) and non-Hutterite (15) patients. The common mutation found in LGMD2H and sarcotubular myopathy suggests that these two conditions represent different forms of the same muscular disorder. Interestingly, the D487N mutation does not appear to disrupt the capacity of TRIM32 to perform ubiquitination, suggesting that the mutation disrupts another characteristic of the protein (2) . Recently, three novel mutations in TRIM32 (R394H, T520TfsX13 and D588del) were identified in non-Hutterite European patients with LGMD (11) . Similar to the previously identified D487N mutation, all these new mutations occurred in the C-terminal NHL domains of TRIM32. The onset of disease and clinical manifestations are highly variable among the different affected individuals even carrying the same D487N mutation. Phenotypic outcomes of LGMD2H and sarcotubular myopathy are primarily characterized by myopathic features (10,11,15 -17) . However, potentially neurogenic elements (namely neurophathic EMG components, paresthesia, paresis and hypoactive tendon reflexes) were also reported in some patients (10, 11, 15) .
In 2006, another disease was identified to be associated with mutations in TRIM32. The homozygous P130S mutation occurs in the B-box domain of the protein and causes BBS (12) . BBS is characterized by obesity, retinopathy, genito-urinary tract malformations, cognitive impairment, polydactyly, renal and cardiac anomalies, hypertension and diabetes (18) . To date 12 BBS genes have been identified with Trim32 being BBS11. Although BBS genes encode for proteins which do not belong to the same functional category, mutations of these genes result in a similar pleiotropic phenotype. The precise functions of the BBS proteins have yet to be determined; however, current data support a role for many BBS proteins in function of immotile sensory (also called primary) cilia and intraflagellar transport (19) . This role for TRIM32 was demonstrated in a zebrafish knockdown model (12) .
Several attempts have been made to uncover molecular mechanisms underlying TRIM32's role in cancer. TRIM32 was shown to be overexpressed in skin cancer cells and to regulate NF-kB activity through ubiquitination and degradation of PIASy (protein inhibitor of STATs-signal transducers and activators of transcription) (3) . By controlling PIASy stability, TRIM32 inhibits ultraviolet B (UVB)-induced keratinocyte apoptosis through the induction of NF-kB.
Another report suggests a role for TRIM32 as a novel oncogene that promotes cell growth, transforming activity and cell motility (4) . These authors demonstrated that TRIM32 ubiquitinates and promotes degradation of Abl-interactor 2 (Abi2)-a tumor suppressor and cell migration inhibitor.
Due to its ubiquitous expression, TRIM32 may have a number of divergent tissue-specific functions and substrates. Thus, different mutations in TRIM32 may cause alterations in its turn-over rate, subcellular localization and/or substrate specificity that could feasibly result in diverse pathological outcomes. Numerous examples can be found in the literature in which mutations in one gene cause different disorders. For example, mutations in RET protooncogene (MIM 164761) result in Hirschsprung disease [a malady of the colon (MIM 142623)], multiple endocrine neoplasia type IIA (MIM 171400) or type IIB (MIM 162300) and familial medullary thyroid carcinoma (MIM 188550) (20) . Lamin A/C (MIM 150330) mutations have been linked to at least 10 degenerative heritable disorders that primarily affect muscle, adipose, bone or neural tissues and also result in premature aging syndromes (21) . Several animal models are available for these conditions and serve as an invaluable aid for uncovering disease mechanisms and facilitating studies of pathogenic processes.
Here, we describe the first Trim32 knock-out (T32KO) mouse model. The T32KO model replicates human muscular dystrophy phenotypes (LGMD2H and sarcotubular myopathy). Moreover, it allowed for the uncovering of a neurogenic component caused by disruption of the Trim32 gene, suggesting a novel role for TRIM32 in the nervous system. The T32KO mouse provides an excellent model system for elucidating in vivo functions of TRIM32 and identification of future therapeutic targets.
RESULTS

Disruption of mouse Trim32 gene
To assess TRIM32s' biological role in skeletal muscle, we generated mice with TRIM32 deficiency. These mice were created using the BGA355 embryonic stem cell line (Bay Genomics, San Francisco, CA, USA) carrying a gene trap insertion in the Trim32 gene within exon 2, which includes the entire open reading frame (Fig. 1A) . The integration site of the b-geo cassette into Trim32 was identified by sequencing. Genotyping strategy, and PCR is shown in Figure 1A and B.
The mouse Trim32 gene lies within an intron flanked by exons 16 and 15 of the Astrotactin 2 (Astn2) gene, which runs in the opposite direction on chromosome 4 (Fig. 1C) . To ensure both that expression of Trim32 was disrupted and expression of Astn2 was preserved in the T32KO tissues after the gene trap insertion, we performed rigorous RT-PCR analysis. Using various pairs of primers (shown in Fig. 1C as arrowheads) , we demonstrated the absence of Trim32 RNA message in the T32KO samples except for the very 5 0 -terminal region of Trim32 that precedes the integration site of the b-geo cassette (Fig. 1D) . On the contrary, expression of the Astn2 splice isoforms in T32KO brain was not perturbed (Fig. 1E) T32KO tissues compared with wild-type (WT) ( Fig. 1F and G). Therefore, only Trim32, and not the Astn2 gene, is disrupted in this TRIM32-deficient mouse.
To explore the possibility of whether a Trim32-b-geo fusion mRNA was generated after the gene trap insertion, another RT-PCR was carried out (Supplementary Material, Fig. S1A ). Since the entire open reading frame of Trim32 is contained within a single exon, we treated RNA samples with DNase I before cDNA preparation to remove genomic DNA contamination. DNase I-treated RNA had no specific message for Trim32-b-geo fusion (Supplementary Material, 
T32KO muscle performance
Mice heterozygous (HET) for the Trim32 null allele were expanded on the mixed 129 SvEvBrd Â C57 BL/6J background. Breeding of heterozygous mice yielded a normal Mendelian ratio [22.1 + 10.3% WT, 52.2 + 11.5% HET and 25 + 11.2% knock-out (KO)]. T32KO mice are born phenotypically indistinguishable from WT littermates. Homozygous KO breeders seemed to produce fewer pups than WT breeders and at a lower frequency. Body weights of T32KO males become 0 end fragment preceding the integration site of b-geo cassette. b-Actin PCR is used as cDNA control. (E) RT -PCR followed by sequencing of the products obtained after amplification from both WT and T32KO brain cDNA confirmed the preserved expression of Astn2 transcript variants 1 (GenBank accession number NM_019514) and 2 (GenBank accession number NM_207109) in T32KO. Primers Astn2Fex3 and Astn2Rex16 flank the alternatively spliced region of the Astn2 gene (exon 3 through exon 16). Lane (M): 1 kb plus DNA ladder (Invitrogen). GAPDH PCR is used as cDNA control. (F) and (G) The levels of Astn2 expression are not changed in T32KO brain and skeletal muscle as demonstrated by real-time PCR using Astn2F and Astn2R primers indicated as arrows on (C). PCR data from two representative samples for each genotype are shown on (F). Lane (-) is a negative control in which no DNA was added into the PCR. GAPDH PCR is used as cDNA control. Real-time PCR data are shown in graph (G) as average cycle threshold (C t ) for Astn2 normalized by C t for GAPDH detected in samples from three WT and three KO animals.
slightly elevated (10%) by the age of 8 weeks compared with WT or HET; this difference persists with age ( Fig. 2A ). In contrast, muscle weight normalized to body weight was reduced in T32KO for both fast [tibialis anterior (TA)] and slow (soleus) muscles (Fig. 2B ). This finding suggests that muscle function in T32KO mice may be impaired.
There are several tests to assess muscle performance in mice. The grip strength test is used to measure forelimb strength in mice. The average peak tension normalized to body weight was decreased in T32KO animals by 17% compared with WT or HET littermates (Fig. 2C) . Muscle strength can also be tested by the use of the wire hang test. T32KO mice were less successful on the wire test, exhibiting a significantly reduced latency to fall, compared with WT littermates (Fig. 2D) . Thus, muscle weight and muscle strength are impaired in T32KO animals.
Histological analysis of T32KO muscles
To further characterize T32KO skeletal muscles, we performed morphological and histochemical examination of frozen sections of muscles. All analyses were done in comparison with age-matched WT control muscles. These studies revealed a variation in myofiber size and shape in T32KO muscles with very small diameter fibers occasionally observed. Staining with anti-developmental myosin heavy chain (MYHC) did not reveal any regenerating myotubes. No inflammatory infiltrates were seen following anti-CD11b staining for immune cells. Apoptotic myonuclei were present in T32KO muscles at a low level as revealed by TUNEL staining (data not shown).
To further analyze the muscle phenotype, we utilized histochemical staining including hematoxylin -eosin, nicotinamide adenine dinucleotide-tetrazolium reductase (NADH-TR), succinic dehydrogenase (SDH), non-specific esterase, modified Gomori trichrome (Fig. 3) and ATPase (data not shown). Light microscopy revealed mild dystrophic changes in T32KO muscles. Myonuclei in some fibers were displaced from the periphery to the center, which was confirmed by staining serial sections with hematoxylin and DAPI ( Fig. 3A and B). The number of myofibers containing multiple centrally placed nuclei was significantly increased in T32KO muscles 
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The ratio of muscle weight to body weight was calculated and expressed as the percent of WT value + SEM for fast TA and slow (soleus) muscles. T32KO muscle weight normalized to body weight was reduced by 19 and 27% for TA and soleus muscles, respectively (n ¼ 15,
and HET (n ¼ 25) animals was measured using grip strength meter and expressed as percent of WT value + SEM. Age of the tested animals: 5 -9 months. Grip strength of T32KO mice was reduced by 17%, compared with WT or HET littermates ( ÃÃ P , 0.01 and Ã P , 0.05). (D) Wire hang test performance. Latency to fall was compared within genotypes as average time in seconds + SEM, n ¼ 11-16, age 5 -9 months. Latency to fall was 1.8 times less in T32KO animals, compared with WT ( Ã P , 0.05). compared with WT ( Fig. 3I and J). Fiber splitting and occasional ring fibers were apparent by hematoxylin and modified Gomori trichrome staining ( Fig. 3C and D) . Within a number of myofibers, fragmented areas with numerous tiny split fibers were observed (arrows in Fig. 3F ). This feature was previously reported as a secondary myopathic change in neurogenic disorders (22) . Some samples contained small angulated fibers ( Fig. 3E and F) , similar to those commonly observed following denervation; however, these fibers did not show dark staining with non-specific esterase, which is the characteristic of denervation (Fig. 3F ). Another denervation/reinnervation feature, fiber type grouping, also was not an attribute of T32KO muscles as revealed by ATPase staining (data not shown). Therefore, the small fibers identified in the T32KO muscles do not appear to be a result of denervation. We used NADH-TR and SDH enzymatic reactions of serial sections to differentiate between defects that are sarcoplasmic reticulum (SR) in origin versus defects that are mitochondrial in origin. NADH-TR staining reveals both SR and mitochondria, whereas SDH staining is mitochondria-specific. By means of this technique, we detected fibers with central pallor in the T32KO, where NADH-TR and/or SDH staining was reduced ( Fig. 3G and H ). This finding suggests defects in both SR and mitochondrial oxidative enzymes in T32KO muscles. Reduced NADH-TR and SDH enzymatic activity in muscle fibers is often observed in both myogenic and neurogenic disorders (23) .
Some of these features (namely an increased number of internal nuclei, variation in fiber size, atrophic fibers dispersed between slightly hypertrophied fibers and areas with loss of NADH-TR enzyme activity) were also found in patients with LGMD2H and sarcotubular myopathy (10, 15) . Taken together these histological findings reveal a mild myopathy phenotype in TRIM32 null mice; however, whether they derive from a myogenic and/or a neurogenic origin cannot be discriminated based solely on histochemical staining.
Electron microscopy examination of T32KO muscles
Electron microscopy was performed to further refine the morphological analysis. Ultrastructural examination of the T32KO muscles confirmed the presence of dystrophic changes (Fig. 4) . Electron micrographs showed profuse sarcotubular profiles, which were dispersed irregularly between atrophic myofibers. In addition, increased intermyofibrillar space (Fig. 4A, C and D) , Z-line streaming, disorganized sarcomeres, myofibrillar degeneration ( Fig. 4B and C) , membranous structures as well as autophagic double-membraned vacuoles could be observed ( Fig. 4D and E) . Internalized nuclei were also occasionally present. Some areas had mitochondrial loss accompanied by clusters of mitochondria in adjacent areas, confirming our findings of fibers with central pallor by light microscopy. Interestingly, sarcotubular myopathy is characterized by similar features of a dilated sarcotubular system and proliferation of the T-tubule system with abundant sarcotubular profiles, vacuoles and degenerative changes in the myofibrils with Z-line streaming (10, 15) . These data validate the T32KO mouse as a suitable model for studying disease mechanisms of LGMD2H and sarcotubular myopathy.
Expression of TRIM32 in skeletal muscle and brain
The creation of the T32KO mouse provided the opportunity to examine the specificity of our polyclonal anti-TRIM32 antibody (T332) that was previously described (2) . As was reported by our laboratory (2) and others (9,13), TRIM32 is expressed not only in skeletal muscle, but also is highly expressed in nervous tissue. Therefore, both brain and skeletal muscle from T32KO and WT animals were subjected to western blotting with T332 antibody. As anticipated, the 80 kDa TRIM32 protein was absent in western blots using extracts from KO brains (Fig. 5A, left panel) , confirming disruption of Trim32 by the gene trap insertion. However, despite the fact that Trim32 mRNA is absent from skeletal muscle of T32KO animals (Fig. 1D) , T332 antibody revealed a 72 kDa-band in muscle extracts from both WT and KO animals (Fig. 5A, right panel) . Previously, we attributed this band in WT skeletal muscles to the TRIM32 protein based upon the following observations: (i) the predicted molecular weight of TRIM32 is 72 kDa; (ii) the rabbit anti-peptide affinity purified T332 antibody was raised against a specific TRIM32 peptide and readily recognized recombinant TRIM32 protein and (iii) recognition of the 72 kDa band in skeletal muscle occurred only after immunization of the rabbit and was not detected on western blots probed with nonimmune serum from this same rabbit. Taking into account that our RT -PCR data (Fig. 1D) showed no Trim32 mRNA in T32KO skeletal muscle, we can now conclude that T332 antibody recognizes endogenous TRIM32 protein only in brain, but not in skeletal muscle and that TRIM32 likely migrates at 80 kDa instead of the anticipated 72 kDa.
The lack of an 80 kDa TRIM32 band in WT muscles led us to test the hypothesis that TRIM32 is expressed in muscle at a level that is below the sensitivity of detection by western blotting. To investigate the levels of Trim32 expression in brain and skeletal muscles, we used real-time PCR. These studies showed that the expression of Trim32 in brain exceeds that detected in muscle by more than 100 times ( Fig. 5B and C) . The observed difference in mouse tissues is in accordance with the previously published northern blot data showing much higher level of Trim32 expression in human brain, compared with human skeletal muscle (9) . This high level of expression of Trim32 in brain suggests a role for the protein in the nervous system.
Identification of a protein with reduced expression in T32KO brain
We also tested several commercially available antibodies raised against different epitopes of TRIM32 on brain extracts from T32KO and WT mice (Supplementary Material, Fig. S2 ). Unfortunately, even though all the tested antibodies detected the recombinant protein (Supplementary Material, Fig. S2A ), they failed to recognize native TRIM32 in WT brain lysates (Supplementary Material, Fig. S2B ).
Intriguingly, all the antibodies tested, including our T332 antibody, recognized a band of 75 kDa, which was reduced in T32KO brain lysates, compared with WT ( Fig. 5A and  Supplementary Material, Fig. S2B ). In order to ascertain the identity of this band, we immunoprecipitated the protein from Human
light polypeptide (NEFL) with a predicted molecular mass of 61.5 kDa and apparent electrophoretic mobility of 68 kDa (close to that which we observed by western blotting). Moreover, this immunoprecipitated protein was soluble only in the presence of urea and thiourea or more stringent denaturing agents such as SDS or guanidine, which is in agreement with the nature of the NEFL protein, an intermediate filament from nervous tissue. Therefore, the 75 kDa band identified by TRIM32 antibodies in brain has no relation to TRIM32 and is non-specific. This situation is not unique, since in our experience many antibodies used in muscle research nonspecifically stain actin-one of the most abundant muscle proteins. It is striking, however, that the intensity of the NEFL band appeared to be reduced in the T32KO brain ( Fig. 5A and Supplementary Material, Fig. S2B ). This finding is worthy of further exploration, given that NEFL and neurofilament medium polypeptide (NEFM) proteins control the caliber of myelinated axons (24, 25) . To explore the possibility of a neurogenic phenotype in T32KO, we assessed the protein and mRNA levels of neurofilaments in T32KO brain by western blot and real-time PCR. First, we confirmed the reduction of NEFL protein in T32KO brain using NEFL-specific antibodies ( Fig. 6A and  B) . Levels of NEFM and NEFH were also decreased in T32KO ( Fig. 6A and B) . Stabilization of mRNA plays an important role in the regulation of neurofilament expression levels via elements in the 3 0 -UTR of the transcripts (32, 33 ). Therefore, we tested neurofilament mRNA levels by real-time PCR. The expression of all five intermediate filaments found in nervous tissue was not changed at the mRNA level (Fig. 6C) . Thus, neurofilament protein concentrations are reduced in brains from T32KO mice.
Expression levels of neurofilaments in T32KO brain
Reduction of diameters of myelinated axons in T32KO
Since NEFL and NEFM control axonal caliber, a change in their protein levels might affect axon calibers in T32KO. To test this hypothesis, we choose to analyze lumbar spine segment L4 ventral roots (VRs), since motor axons outgoing from this segment innervate the hind limbs, where we observed myopathic changes in the T32KO mouse model. L4 VRs exhibit many large myelinated axons that originate from motor neurons (Fig. 7A) . We found that although the cross-sectional area and total number of axons in L4 VRs are preserved in the T32KO, the average diameter of the axons is significantly reduced (Fig. 7B) , suggesting axonal hypotrophy rather than loss of axons. Since the axonal diameter is reduced, the density of axons per unit area is slightly increased in T32KO (Fig. 7B) . The histogram in Figure 7C demonstrates two peaks corresponding to small and large axon populations, representing predominantly g-and a-motoneurons, respectively (34) . The distribution of the T32KO axon diameters is shifted to the left, compared with WT (Fig. 7C) , demonstrating that the reduced average axon diameter is primarily attributable to a reduction in the diameters of large axons. Thus, T32KO mice may exhibit a neurogenic component for the pathogenesis of T32KO myopathy.
MYHC isoform composition of T32KO and WT muscles
Axon diameter defines conduction velocity (35) , which in turn is reflected in the innervation pattern of different types of muscle fibers. Indeed, axons with larger diameters innervate type II (fast) muscle fibers, whereas smaller axons innervate The 80 kDa band in brain lysate is absent in T32KO, but the 72 kDa band in muscle persists in the T32KO. Anti-GAPDH staining is shown for loading control. (B) Real-time PCR data as Trim32 relative quantity normalized to GAPDH demonstrate a greater than 100-fold difference in Trim32 expression between brain and skeletal muscles (gastroc.: gastrocnemius and ham.: hamstring groups of muscles). Samples from three different WT animals were analyzed. Each sample was run in triplicate for both Trim32 and GAPDH amplifications, Ã P , 0.05. (C) Regular PCR using real-time PCR primers and different number of cycles is shown to visualize the real-time PCR data. Trim32 PCR band in muscles is detected only after 40 cycles of amplification, whereas in brain it can be observed after 30 cycles. GAPDH PCR used as a control shows approximately equal amount of cDNA in brain and muscle samples. M: markers (DNA ladder). Lane (-) is a negative control in which no DNA was added into the PCR. (Fig. 8) . WT solei were composed of 35-40% of MYHC type I, which is in agreement with the previously published data (37). Even though there was some variability in MYHC isoform composition between individual animals (most likely due to a mixed genetic background of the analyzed mice), the amount of total fast MYHC type II (combined IIa, IIx and IIb) was significantly decreased in T32KO solei, compared with WT. Reciprocally, the amount of slow MYHC type I was significantly increased in T32KO. Therefore, the reduction of axonal calibers in T32KO is associated with a shift toward a slower muscle fiber phenotype.
DISCUSSION
The T32KO mouse model demonstrates a myopathic phenotype with features similar to those found in patients with the muscular disorders LGMD2H and STM. Analysis of neural tissue revealed a high level of TRIM32 expression in normal mouse brain compared with muscle. Intriguingly, Trim32-null mice showed decreased concentrations of neurofilaments in brain and reduced diameters of myelinated axons in L4 VR, which were associated with a shift in fiber-type specific MYHC composition of soleus muscle toward a slower isotype. These findings suggest a neurogenic component to the muscle pathology caused by disruption of the Trim32 gene.
A relationship between TRIM32 and neurofilament proteins
A relationship between TRIM32, myosin and neurofilament proteins is emerging. A report linking another TRIM family member (called TRIM2) with neurofilaments was recently published (38) . TRIM2 is able to ubiquitinate NEFL, and loss of TRIM2 in KO mice results in NEFL inclusions (38) . Intriguingly, there are more than 75 TRIM family members and only three members (TRIM2, TRIM3 and TRIM32) contain NHL domains. All three are highly expressed in the nervous system and all are able to interact with different Cross-sectional area of L4 VRs is represented as the mean for each genotype + SEM. Total number of axons in L4 VRs was calculated using VR cross-sectional area and number of axons per 1000 mm 2 . Axon density was calculated as the number of axons per 1000 mm 2 . T32KO axonal density is increased by 15%, compared with WT ( Ã P , 0.05). Average axon diameter of T32KO is reduces by 22%, compared with WT ( ÃÃ P , 0.0001). (C) Histogram shows axon diameter distribution in L4 VR. Axon diameters were measured in three random areas of VR containing a total of 200-240 axons. The number of axons with certain diameter was expressed as the percent of total number of axons measured in each sample (three KO and three WT). Note that the peak corresponding to large diameter axons is shifted to the left in T32KO, compared with WT (arrows). Axons with diameter more than 9.5 mm were not observed in T32KO L4 VR.
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isoforms of myosin (1, 2, 39, 40) . TRIM2 and TRIM32 have confirmed E3 ubiquitin ligase activity (2 -4,38) . Despite the striking structural and functional similarities between TRIM 2 and 32, there are definite disparities. TRIM2 does not seem to be expressed in skeletal muscle, and the only E2 ubiquitin conjugating enzyme that works in conjunction with TRIM2 is UbcH5a (38) . Even though we found that the same E2 enzyme can facilitate TRIM32 E3 ubiquitin ligase activity, the most potent E2 for TRIM32 was UbcH6 (2). Consequently, KOs of these genes cause different phenotypes in mice, although both are related to disturbances in neurofilament levels. Trim2-deficient mice show NEFL-filled axonal swellings and neurodegeneration accompanied by tremor and ataxia (38) , whereas we found a reduction in neurofilament levels without the signs of neurodegeneration in T32KO. Thus, although a relationship between these proteins is emerging, its nature with regard to disease phenotypes and normal cellular processes is unclear at this time.
T32KO myopathy phenotype is compatible with neurogenic etiology
In the present study, we describe myopathic abnormalities in T32KO mice. Although, many of the changes we observed in skeletal muscles of T32KO are commonly detected in different myopathies, none of them is incompatible with a neurogenic etiology. This observation is supported by the findings of decreased neurofilament content and reduced axon diameters in L4 VR. In addition, we did not find typical features of muscular dystrophy in the T32KO muscles including inflammation, necrosis or regeneration. These signs were also absent in patients with STM (10, 15) . In the T32KO mouse, decreased axonal calibers were associated with a shift toward a slower motor unit type. This neurogenic alteration may also contribute to the myopathic changes found in T32KO muscles, and the observed muscle fiber type shift supports this hypothesis. Fiber splitting is a feature of T32KO myopathy, which is considered to be a typical morphological feature of dystrophic biopsies. However, this phenomenon has also been well documented in many types of neurogenic disorders (41 -45) . Myogenic fiber splitting occurs due to segmental fiber necrosis and/ or subendomysial regeneration from myoblasts, whereas neurogenic splitting results from stresses imposed on weakened muscles by normal weight bearing loads (22, 46, 47) . Loss of peripherally located myonuclei in T32KO does not seem to be a sign of regeneration, since these fibers do not express regeneration markers. However, individual myofiber splits have been associated with centrally placed nuclei (46) . A reduction in NADH-TR staining is also described in many myogenic and neurogenic disorders (23) . Fiber-type grouping, a typical feature of neurogenic myopathies, was not observed in T32KO. Angulated fibers were found, but did not show non-specific esterase activity, characteristic of denervation/ reinnervation. Therefore, our data do not indicate a denervation process in T32KO, but rather suggest other forms of plasticity affecting the entire motor unit.
Motor unit alteration in T32KO
This study identified a phenotype of reduced motor axon diameter in the absence of TRIM32. It is understood that motoneurons innervating different functional types of skeletal muscle fibers exhibit distinct physiological and morphological features. For instance, motoneurons innervating fast twitch muscle fibers (type II) exhibit a faster conduction velocity and a larger caliber of their axons compared with those that innervate slow twitch muscle fibers (type I) in the cat (36, 48, 49) . In the present study, it is suggested that neurons in the central nervous system express a reduced concentration of neurofilament proteins, as the brain of T32KO mice demonstrates a markedly decreased expression of the light, medium and heavy neurofilament proteins. Interestingly, there is an associated reduction in the size of myelinated axons in the L4 VRs of the KO mice. The latter finding suggests that the functional properties of motoneurons may have changed in the KO mice with a slowed conduction of action potentials taking place along myelinated motor axons.
Previous studies have demonstrated that motoneurons may exert a marked influence over the contractile, biochemical and histochemical properties of skeletal muscles. For instance, feline motoneurons that normally innervate a slow twitch muscle may convert a predominantly fast muscle to a slow type when motor units are cross re-innervated (50). Chronic low-frequency activation of the motor nerve of a predominantly fast-twitch muscle may also convert its motor units to a slower phenotype in cats with slowed contractions, reduced strength, increased endurance and an associated fast-to-slow conversion of muscle histochemical features (51) . Furthermore, a partial denervation of a hind-limb muscle may induce compensatory peripheral sprouting of the nerve with an increase in the motor unit size of the remaining intact motor axons (52, 53) . A partial denervation also may reduce motoraxon conduction velocity and prolong the action potential after-hyperpolarization half-decay time, consistent with a slowing of the motor unit twitch properties (54). Therefore, it seems possible that a decreased expression of neurofilament proteins in motoneurons of T32KO mice may result in a change of motor unit phenotype to a slower twitch type, characterized by the observed decreased motoraxon caliber and a combined decrease in type II and an increase in type I myosin isoforms in skeletal muscle. Here, there is a direct link between our findings on myelinated axons and myosin isoforms in skeletal muscle, as the studied L4 VR is a prominent contributor of motoraxons to the sciatic nerve, which innervates many hind-limb muscles, including the soleus muscle used for the analysis of the myosin expression patterns. Interestingly, there is a case report describing the muscle biopsy of one patient with sarcotubular myopathy, which revealed 'a slight type I fiber predominance' by histochemical ATPase staining (15) . Even though reports on biopsies from patients with LGMD2H or sarcotubular myopathy are sparse and more human studies are needed, this observation supports our finding of the myosin isoform switch due to TRIM32 deficiency.
Plausible neurogenic component in LGMD2H and STM
The myopathy in T32KO replicates well the LGMD2H and STM phenotypes. The pathologic phenotype was observed only in KO animals, whereas HET and WT mice were similar to each other (e.g. in body weights and limb strength, etc.), supporting the recessive manner of inheritance and loss of function for LGMD2H and STM mutations.
LGMD2H is a recessively inherited neuromuscular disorder with highly variable and slowly progressive clinical features. The histopathological changes in affected muscles from LGMD2H biopsies were described previously as being typical of a primary myopathy and similar to other muscular dystrophies (16) . At the present time, it is not known whether patients with TRIM32 mutations associated with LGMD2H and STM may also exhibit an involvement of the central and peripheral nervous system. Although this clinical condition is relatively rare and reports describing humans with TRIM32 mutations have been sparse, a recent study provides an interesting case description that includes mixed neuropathic and myopathic features by electromyography and symptom presentation characterized by weakness and paresthesia in a different subject (11) . Neurological examination of two patients with STM revealed a paresis in both patients (15) . In addition, tendon reflexes were hypoactive or absent in several patients with STM (10, 15) . However, it remains unclear whether a neurogenic component may also be present in the pathogenesis of LGMD2H/STM. Future electrodiagnostic studies with detailed investigations of both motor and sensory nerve conduction properties in a larger sample of patients with the TRIM32 mutation and clinical disease may provide important added insight into the pathobiology of this disorder. In summary, we described a new role for TRIM32 in the nervous system. The axonal changes caused by disruption of Trim32 are compatible with the observed skeletal muscle pathology, which replicates human LGMD2H and STM features.
Nevertheless, since TRIM32 is expressed both in brain and skeletal muscle, capable of ubiquitinating actin and interacting with myosin (2), we would like to emphasize that the myogenic etiology of T32KO myopathy and LGMD2H/STM cannot be excluded and will be further examined. The T32KO mouse proved to be a valid model for the investigation of LGMD2H pathology and will provide a tool for future studies of in vivo functions of TRIM32 and mechanisms of disease associated with its mutations that will eventually lead to the identification of therapeutic targets.
MATERIALS AND METHODS
All experimental protocols and use of animals were conducted in accordance with the National Institute of Health Guide for Care and Use of Laboratory Animals and approved by the UCLA Institutional Animal Care and Use Committee.
Generation of Trim32-null mice T32KO mice were generated using the BGA355 mouse embryonic stem cell line [BayGenomics (former web-site http://baygenomics.ucsf.edu/; now available at International Gene Trap Consortium, http://www.genetrap.org/cgi-bin/ annotation.py?cellline=BGA355)] carrying gene trap insertion in Trim32, within exon 2 (Fig. 1A) . Sequencing of the PCR product produced from BGA355 genomic DNA using Seqtag forward and b-gal reverse primers (for primer sequences see Supplementary Material, Table S1 ) defined the position of the integration site after nucleotide 278 starting from the ATG codon in exon 2 of the Trim32 gene. Original founder mice were 129 SvEvBrd Â C57 BL/6 chimeras, which were backcrossed to C57 BL/6J WT mice to obtain germ line transmission. Heterozygotes (HET) from this cross were interbred to produce KO and WT homozygotes. All analyses were performed on interbred mice on a mixed 129 SvEvBrd Â C57 BL/6J background.
PCR and genotyping
Total RNA was isolated from mouse tissues using TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. Genomic DNA contamination was removed by DNAase I treatment for 30 min at 378C. To produce cDNA, 2 mg of DNA-free RNA was used for firststrand cDNA synthesis with random hexamer primers and Superscript III reverse transcriptase (Invitrogen). The resulting cDNAs were used for PCR amplification. Genotyping was performed using genomic tail DNA (Fig. 1A and B) . All primers used for PCR, genotyping and real-time PCR analysis are shown in Supplementary Material, Table S1 .
Real-time PCR
Primers for real-time PCR, where possible, were selected to span intron -exon junctions to exclude the possibility of amplification from genomic DNA contamination. All primers were first tested in regular PCR amplification to ensure the production of a single band in each case.
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All real-time reactions were performed using IQ TM SYBR Green Supermix PCR reagent and MyIQ TM Single Color Realtime PCR Detection System (Bio-Rad, Hercules, CA, USA). Optical System Software Version 1.0 (Bio-Rad) was used to analyze the results. Quantification utilized standard curves made from serial dilutions of cDNA. Data from each sample were normalized by dividing the relative quantity of target gene cDNA by the relative quantity of house-keeping gene cDNA (GAPDH) to correct for variability in cDNA concentration in the individual samples (for Fig. 5B ). Data on Figures 1G and 6C are represented as the cycle threshold values (C t ) of target gene normalized by C t of GAPDH gene. C t values are proportional to the negative logarithm of the initial amount of input cDNA and are defined as the number of PCR cycles to reach the fluorescence threshold in each sample.
Grip strength and wire hang tests
Grip tests were performed using a grip strength meter Chatillon DFIS2 (AMETEK, Sellersville, PA, USA). The animal was placed in front of the instrument and allowed to grasp the pull bar with the forelimbs and then pulled backward by its tail in the horizontal plane. The force applied to the bar at the moment the grasp was released was recorded as the peak tension. Untrained mice were tested five times in succession without rest, and the results of the last three trials were averaged and normalized to body weight for each mouse. For the wire hang test, the mouse was placed on a suspended wire that was 2 ft from the floor. The latency to fall off the wire in seconds was scored in five trials and averaged for each mouse with the smallest value dropped from the calculation.
Muscle histochemistry
Muscles to be used for histochemistry were dissected from the mice, placed in O.C.T. Compound (Sakura Finetek, Torrance, CA, USA) and frozen in isopentane cooled in liquid nitrogen. Frozen sections were cut at 10 mm and kept frozen until use. Histology of the tissue was assessed by staining with aqueous hematoxylin or hematoxylin and eosin (H&E). Enzyme histochemical stains were also performed and included: NADH-TR, SDH, esterase-a naphtyl acetate-pararosaniline (non-specific esterase), adenosine triphosphatase alkaline and acidic (ATPase), and modified Gomori trichrome.
Electron microscopy
Muscle tissues for electron microscopy were prepared as previously described (55) . Briefly, soleus and TA muscles were dissected from three WT and three KO mice and fixed with phosphate buffered 2% glutaraldehyde (Sigma-Aldrich, St Louis, MO, USA) and 2% paraformaldehyde (Ted Pella, Redding, CA, USA) fixative solution (pH 7.4) overnight. Then, the tissue was osmicated, dehydrated through 50, 70, 90 and 100% ethanol and embedded in Epon resin (Ted Pella). The tissue was cross-sectioned at 70 nm thickness with a microtome (Boeckeler Instrument, Tucson, AZ, USA). After lead contrast staining, the tissue section was examined under JEM-1200EX electron microscope (JEOL, Japan) equipped with BioScan 600W digital camera (1024 Â 1024 pixels) (Gatan, Pleasanton, CA, USA). Digital Micrograph 1.2 software (Gatan) was used to generate images.
Tissue extract preparation and western blot analysis
For western blot analysis, muscles and brains were homogenized in reducing sample buffer [80 mM Tris, pH 6.8, 0.1 M dithiothreitol, 2% SDS and 10% glycerol with protease inhibitor cocktail (Sigma-Aldrich)] using a Dounce homogenizer. Forty micrograms of total protein per lane were loaded on polyacrylamide gel followed by transfer to nitrocellulose membrane.
Anti-TRIM32 antibodies used for western blotting included: T332 rabbit 1:500 (2), Aviva Systems Biology (San Diego, CA, USA) rabbit #ARP38965_T100 1:800 and #ARP31692_P050 1:1000, Lifespan Biosciences (Seattle, WA, USA) rabbit #LS-B1105 1:1000, Novus Biologicals (Littleton, CO, USA) mouse #H00022954-B01 1:500, Proteintech Group (Chicago, IL, USA) rabbit #10326-1-AP 1:500, Santa Cruz Biotechnology (Santa Cruz, CA, USA) goat N-12 #sc-49265 1:200 and T-20 #sc-49266 1:200. Other antibodies used for WB included: anti-NEFL rabbit #AB9568, anti-NEFM rabbit #AB1987 and anti-NEFH #AB1989, 1:1000 (Millipore, Billerica, MA, USA); anti-b-actin mouse #A2228 1:1000 (Sigma-Aldrich); anti-GAPDH mouse #MAB374 1:500 (Millipore) and anti-b-galactosidase rabbit #14-6773 1:400 (eBioscience, San Diego, CA, USA). Secondary antibodies conjugated with horseradish peroxidase (HRP) were purchased from Sigma-Aldrich. Specific signals were developed using ChemiGlow substrate (Alpha Innotech, San Leandro, CA, USA). Images of the blots were acquired using FlourChem FC2 Imager (Alpha Innotech). Densitometry was performed using AlphaEase FC Software Version 6.0.2 (Alpha Innotech).
Immunoprecipitation and MALDI -TOF MS
Mouse brain tissue was homogenized in RIPA buffer [50 mM Tris, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA, protease inhibitor cocktail (Sigma-Aldrich)] and incubated for 20 min on ice. After centrifugation for 5 min at 13 000g, the 75 kDa protein of interest remained in the pellet. The pellet was solubilized using various denaturing agents dissolved in 50 mM Tris, pH 7.5: (i) 0.1% SDS, (ii) 0.5% SDS, (iii) 1 M guanidine, (iv) 1 M urea, (v) 3 M urea or (vi) 1 M urea supplemented with 1 M thiourea. Only the last condition (50 mM Tris, pH 7.5, 1 M urea and 1 M thiourea) allowed for solubilization of the 75 kDa protein followed by successful immunoprecipitation using 2 mg of T332 antibody and protein G agarose. Immunocomplex was fractionated on SDS -PAGE and stained with SYPRO Ruby (Bio-Rad). The protein band corresponding to 75 kDa was excised from the gel and in situ digested with trypsin. The tryptic fragments were analyzed by MALDI -TOF MS using Voyager-DE STR instrument (Applied Biosystems, Foster City, CA, USA). Peptide mass fingerprinting allowed for the identification of NEFL using Mascot software [Matrix Science (Mascot search engine), http://www. matrixscience.com/]. Twenty-seven out of 31 selected mass signals matched, achieving high sequence coverage (54%) and significant Mascot score of 174 for NEFL.
Morphometric analysis of L4 VRs
L4 VR specimens were prepared as following. Three WT and three KO mice were transcardially perfused with phosphate buffered 2% glutaraldehyde and 2% paraformaldehyde fixative solution (pH 7.4). L4 VRs were dissected out and postfixed in the same fixative solution at 48C overnight. On the next day, the tissue was osmicated, dehydrated through 50, 70, 90 and 100% ethanol and embedded in Epon resin. The VR was cross-sectioned at 300 nm thickness with a microtome, and transferred onto glass slides, stained with 0.25% toluidine blue, and examined under a Nikon E600 light microscope (Nikon, Japan). The images were captured using a Micropublisher 5.0 megapixel digital camera (Q Imaging, Burnaby, BC, Canada).
Morphometric parameters analyzed included cross-sectional area of L4 VRs, total number of axons, axonal density (number of axons per 1000 mm 2 ) and average axon diameter. For the axon diameter distribution histogram, diameters of 200-240 axons were measured and the quantity of axons with certain diameter was expressed as the percent of total number of axons measured in each sample. To avoid discrepancy in the measurements due to the angle at which cross-sections were obtained, the smallest diameters were utilized for oval shaped axons. The measurements were performed using light microscope Axio Imager and digital image processing software AxioVision (Carl Zeiss MicroImaging, Thornwood, NY, USA).
MYHC isoform gel electrophoresis
The procedure was previously described (56) with modifications (57) . Briefly, the separating gel consisted of 30% glycerol, 8% acrylamide/bisacrylamide (50:1), 0.2 M Tris (pH 8.8), 0.1 M glycine, 0.4% SDS, 0.1% APS, 0.05% TEMED; the stacking gel was 30% glycerol, 4% acrylamide/bisacrylamide (50:1), 70 mM Tris (pH 6.8), 4 mM EDTA, 0.4% SDS, 0.1% APS and 0.05% TEMED. The composition of the upper running buffer was 300 mM Tris base, 450 mM glycine, 0.3% SDS and 0.12% b-mercaptoethanol. Upper running buffer without b-mercaptoethanol was diluted 1:6 to prepare the lower running buffer. One microgram of total muscle lysate was loaded per lane and allowed to run for 20 h at 140 V at 48C. Gels were stained with silver staining kit (Bio-Rad).
Statistical analysis
Statistical analysis of all data was carried out by Student's t-test. Differences were considered statistically significant if the P-value was less than 0.05. Error bars on all graphs are represented by standard errors of means (SEM).
